Salt-sensitivity is associated with a more severe target organ injury and higher mortality, even in normotensive subjects. As endothelial dysfunction is predictive for future cardiovascular events, we evaluated whether normotensive salt-sensitive (NSS) subjects have more pronounced endothelial dysfunction compared with normotensive salt-resistant (NSR) subjects. Normotensive subjects (n ¼ 99, aged 25-50 years) were selected from a rural community in northern China. Salt sensitivity was assigned if mean BP increased by X10% from a 1-week high salt (18 g/day, NaCl) to low-salt diet (3 g/day, NaCl). Endothelial function was assessed by testing the flow-mediated dilatation (FMD) of the brachial artery using high-resolution ultrasound, as well as nitrogen oxide (NOx) levels, in plasma and urine at baseline. Blood pressure at baseline was similar between NSS and NSR subjects, but diverged during salt intervention. Furthermore, FMD was significantly lower in 17 NSS subjects (10.2 ± 2.5 vs 14.5 ± 1.6%, P ¼ 0.037) compared with NSR subjects. In addition, average plasma NOx levels were lower in NSS subjects than NSR subjects (61.2 ± 3.23 lM vs 82.5 ± 1.61 lM, P ¼ 0.034). Moreover, Both FMD and plasma NOx levels were negatively correlated with the degree of salt sensitivity (r ¼ À0.435 and r ¼ À0.459, respectively, Po0.01). However, there was no difference in urine NOx between the two groups. Our study indicates that endothelial dysfunction could contribute to the long-term higher levels of target organ injury and higher mortality observed in NSS subjects.
Introduction
Several epidemiological and interventional studies have demonstrated a clear relationship between salt intake and hypertension. 1 However, blood pressure (BP) response to increased dietary salt is heterogeneous among individuals, a phenomenon known as salt sensitivity. 2 Two studies recently showed that cardiovascular events occurred more frequently in salt-sensitive (SS) subjects, even in normotensive salt-sensitive (NSS) subjects, which suggested that salt sensitivity is an independent cardiovascular risk factor. 3, 4 Nitrogen oxide (NO) has an important role in the regulation of vascular tone, inhibition of platelet aggregation and suppression of smooth muscle cell proliferation. 5, 6 Studies in patients with essential hypertension have suggested that high salt intake and/or salt sensitivity is associated with impaired endothelial function. [7] [8] [9] Measurement of flow mediated dilation (FMD) in the brachial artery using ultrasound is noninvasive and is an accurate indicator of NO production. [10] [11] [12] [13] Furthermore, FMD measurement is an accepted index of conduit artery endothelial function, which can serve as an independent predictor of cardiovascular events. 14 Recently, FMD scores for normotensive subjects have been shown to improve on a low salt diet, which is defined as 3 g of salt per day compared with a usual salt diet of 9 g of salt per day. 15 Many studies has shown that endotheliumdependent vasodilation is reduced in SS hypertensive patients; 16 however, there is little information in this regard for NSS subjects. Our previous study showed that high salt loading could accelerate endothelial dysfunction, and that potassium or calcium supplement could delay or lessen agerelated BP increases in NSS subjects. 17, 18 In this study, we hypothesise that endothelial dysfunction may be present in NSS subjects, even in the absence of salt loading, which may contribute to a higher number of cardiovascular events than that observed in normotensive salt-resistant (NSR) subjects. The aim of the present study was to evaluate endothelium-dependent vasodilation, assessed by high-resolution ultrasound, as well as indirect endothelial biochemical markers of NO, in a group of normotensive subjects classified on the basis of salt sensitivity.
Materials and methods

Subjects
Following a complete history and physical examination, 99 normotensive subjects with similar dietary habits, aged 25-50 years, from a rural community in northern China were enrolled. Hypertension was defined as mean pressure X140 mm Hg for systolic BPand/or 90 mm Hg for diastolic BP. Subjects were nonsmokers, not taking any medications, had no symptoms of coronary or peripheral arterial diseases and no history of liver disease, renal disease or diabetes mellitus. The institutional ethics committee of Xi'an Jiaotong University Medical School (Xi'an, China) approved the study protocol and each subject gave written informed consent. All of the procedures were performed in accordance with institutional guidelines.
Protocol
The protocol consisted of a series of investigations, including baseline history and physical examination (height, weight and BP) for 3 days, 7 days on a low-salt diet (51.3 mmol or 3 g of NaCl per day), 7 days on a high-salt diet (307.7 mmol or 18 g of NaCl per day). During the baseline investigation, each subject was given detailed dietary instructions to avoid table salt, cooking salt, high-sodium foods and food rich in nitrite/nitrate for the subsequent 14 days. All of the meals were prepared in research kitchens and consumed on-site.
BP measurement and definition of salt sensitivity Three random-zero BP measurements were obtained using a Hawksley random-zero sphygmomanometer (Hawksley and Sons, Lancing, UK; zero range 0-20 mm Hg) with a 1-minute interval during the 3-day baseline observation period, as well as on days 2, 5, 6 and 7 of each intervention period. BP was measured by trained and certified observers according to a common protocol adapted from procedures recommended by the American Heart Association, (Dallas, TX, USA). BP was measured with the participant in the sitting position after 5 min of rest. In addition, participants were advised to avoid alcohol, cigarette smoking, coffee/tea, and exercise for at least 30 min before their BP measurement. Systolic BP and diastolic BP were determined as the first and fifth phases of the Korotkoff sounds, respectively. Pulse pressure was defined as: pulse pressure ¼ systolic BPÀdiastolic BP. Mean BP was defined as: mean BP ¼ diastolic BP þ 1/3 Â pulse pressure. Because of the lack of universal consensus on the definition of salt sensitivity of BP, subjects with a X10% increase in mean BP from low to highsalt diet were classified as salt-sensitive, and those with a o10% increase as SR. 2, 17 The difference in mean arterial BP after the high-salt diet compared with that after the low-salt diet was defined as the degree of salt sensitivity. Staff members who conducted BP measurements were trained, and certified research staff monitored the quality of BP measurements.
Measurement of flow-mediated vasodilation (FMD)
Studies were performed after an overnight fast with subjects supine and at rest during baseline survey. Room temperature ranged from 21 to 24 1C. Brachial artery FMD was measured with a 7.0 MHz linear array transducer, an Acuson 128XP/10 system, and a high-resolution ultrasonic vessel-wall tracking system (Vadirec, Ingenious Systems, Arnhem, Netherlands) as described by Celermajer et al. 19 The brachial artery was scanned longitudinally and a stereotactic clamp was used to hold the transducer in the same position throughout the procedure. The transmit (focus) zone was set to the depth of the near wall of the artery. Depth and gain settings were set to optimise images of the lumen-arterial wall interface. The images were magnified by a resolution box function and measurements were taken from the anterior to posterior 'm' line at end diastole by the use of the R wave on the electrocardiogram. Brachial artery diameter was measured by identifying a clear section of the vessel in B-mode. The M-mode cursor was then placed over this point at right angles to the vessel wall. A 5-second segment of the A-mode signal was then routed to the wall-tracking system designed to track vessel wall movement on a beat-tobeat basis. The minimal arterial diameter was calculated from the distance between opposite lumen-arterial interfaces, as identified by manual selection of the maximal change in recorded radio frequency amplitude. After the baseline-resting scan, a pneumatic cuff, placed at the level of the wrist, was inflated to 300 mm Hg for 4.5 min. The second scan was performed 55-65 s after cuff deflation. A total time of 15 min. were allowed for vessel recovery, after which the second baseline scan was performed. The vessel diameter was measured by two independent observers, unaware of the subject's clinical details or the type and stage of the study. Repeat measurements in individuals by the use of this technique were consistent and reproducible. The increase rate of the inner diameter of the reactive brachial artery was calculated as: (reactive brachial artery inner diameterÀbaseline brachial artery inner diameter)/baseline brachial artery inner diameter Â 100%.
Plasma and urine samples Blood samples were obtained from all subjects in the morning of the first day of baseline survey after overnight fasting, and were collected in vacuum tubes with ethylenediaminetetraacetic acid as an anticoagulant. After centrifugation at 3000 r.p.m. for 20 min at 4 1C, the plasma samples were kept frozen at À40 1C until analysed. Twenty-four hour urine samples were collected on day 2 of the baseline survey and kept frozen at À40 1C until they were analysed.
Determination of nitrite/nitrate concentration
The concentration of NO in the plasma and urine were determined through the nitrate reductase method. NO assay kits were purchased from JianCheng Biological Medical Engineering Institute (Nanjing, China).
24-h urinary sodium and potassium determination
Urinary concentrations of sodium and potassium were measured by flame photometer, and 24-h urinary excretions of sodium and potassium were calculated by multiplying the concentration by the 24-h total urine volume.
Statistics
All results are expressed as mean ± s.e.m. Unpaired Student's t-test, when appropriate, was used to compare the different parameters obtained between SS-and SR-hypertensive subjects. The relationship between the degree of salt sensitivity and the parameters were determined with Pearson's correlation coefficient if the residuals were normally distributed, and with Spearman's correlation otherwise. Probability was assessed using a two-tailed t-test, and a P value of o0.05 was considered statistically significant.
Results
Subject profiles
All subjects completed the intervention trial, and 17 (7 male, 10 female) subjects who exhibited a X10% increase in MBP from low-salt period to high-salt period were considered salt-sensitive. The remaining 82 (41 males, 41 females) were considered saltresistant. No differences were observed in terms of age, body mass index, systolic BP or diastolic BP between SS and SR subjects (Table 1) . BP responses to salt-diet intervention were significantly greater in NSS subjects when compared with NSR subjects on days 2, 5, 6 and 7 of the low-sodium and highsodium intervention periods (Figure 1 ). Figure 2b shows that the concentration of plasma NOx was significantly lower in NSS subjects compared with NSR subjects (61.2 ± 3.23 vs 82.5±1.61 mmol l À1 , P ¼ 0.034), which also correlated negatively with the degree of salt sensitivity (r ¼ À0.459, Po0.01, Figure 3b ). However, there was no difference in 24-h urinary excretion of NOx between the two groups (234.5±5.53 vs 247.8 ± 4.57 mmol/24 h, P ¼ 0.12, Figure 2c ). There was also no correlation between the degree of salt sensitivity and 24-h NOx (r ¼ À0.126, P40.05, Figure 3c ).
Plasma and urine nitrite/nitrate concentration
Change of flow-mediated vasodilation (FMD) at baseline
As shown in Figure 2a , average brachial artery FMD values were lower in NSS subjects compared with NSR subjects (10.2 ± 2.5% vs 14.5 ± 3.6%, P ¼ 0.037). Moreover, the degree of salt sensitivity correlated negatively with the change in FMD (r ¼ À0.435, Po0.01, Figure 3a ).
Discussion
In this study, we found that NOx levels were lower in the plasma of NSS subjects than NSR subjects. However, NOx levels in the urine were not significantly different between the two groups. Moreover, FMD measurements were significantly lower in NSS subjects than NSR subjects and correlated negatively with the degree of salt sensitivity.
Our study has several important strengths. First, the subjects were recruited from a rural community in which the dietary habits are widely shared. The dietary pattern of Chinese people, especially in the rural community of northern China, is characterised by high sodium intake, but insufficient intake of potassium and calcium. For instance, our previous survey demonstrated that people in this community typically consume 230 millimoles of sodium per day, but only 35 millimoles of potassium and 12 millimoles of calcium per day on average. The ratio of K/Na was near to 0.15, which is far lower than the National High Blood Pressure Education Program (NHBPEP) recommended ratio of 2.0. Also, as was the case in our previous study, all the subjects in the current study were normotensive and non-obese, as both high BP and body mass index could influence endothelial function.
Abnormalities in the L-arginine-NO pathway have been demonstrated in patients with SS hypertension when the dose of dietary salt was altered. [20] [21] [22] However, studies performed in humans in which Abbreviations: BMI, body mass index; BP, blood pressure; NSS, normotensive salt-sensitive subject; NSR, normotensive salt-resistant subject; UK, urine potassium excretion; Una, urine sodium excretion.
Endothelial function and salt sensitivity F-Q Liu et al Figure 1 Blood pressure responses to low-sodium and high-sodium intervention on days 2, 5, 6 and 7 of the intervention periods. 23 Previous work has demonstrated that the impairment of endotheliumdependent vasodilation as assessed by strain-gauge plethysmography, is independent of NaCl intake in SS patients but not in SR patients, and that forearm vascular responses are not affected by changes in NaCl intake in SS patients or SR patients. 16, 24 However, Higashi et al. 25 observed no differences in vascular responses between SS patients and SR patients during a regular or high-salt diet. Furthermore, Dickinson et al. 15 reported that a 2-week lowsalt diet improved endothelium-dependent vasodilation in normotensive subjects independently of the changes in measured resting BP. The discrepancies among these studies may be due to the severity of hypertension in selected patients, as well as ethnic differences. Meanwhile, short-term dietarysalt loading, such as that performed for 7 days, may not be enough to influence endothelial function significantly.
Measurement of FMD in the brachial artery is also an appropriate method to assess endothelial function in humans. Several clinical studies have shown that endothelial function assessed by FMD can serve as an independent predictor of cardiovascular events. 14, 26, 27 The present results, showing that endothelium-dependent vasodilation as measured by FMD appears lower in NSS subjects compared with NSR subjects, are consistent with previous measurements of forearm blood flow, 23 which further suggests that endothelium-dependent vasodilation is implicated in the development of salt sensitivity in humans.
Recently, Muiesan et al. 26 assessed the technique of FMD as a measure of endothelial function in a group of 172 hypertensive patients at medium cardiovascular risk, which were followed up for fatal and non-fatal cardiovascular events. The results of that study showed that the incidence of cardiovascular events was more than double in those with compromised endothelial function, as defined by the cohort having an FMD value below the median. Furthermore, Xu et al. 28 reported that reduced FMD was associated with the extent of multiple target organ damage. Recently, long-term effects of salt sensitivity on cardiovascular disease morbidity and total mortality were determined in a remarkable 27-year follow-up study of 430 normotensives and 278 hypertensives. 3 As would be predicted, hypertensive persons, whether SS or SR, had reduced survival compared with normotensives. Moreover, NSS individuals were found to have a cumulative mortality similar to that of hypertensives, whereas NSR had significantly increased survival rates. These observations provide evidence of a relationship between salt sensitivity and mortality. Combined with our results, the increased mortality and target organ damage related to salt sensitivity might be attributed to endothelial dysfunction, particularly low flow-mediated dilatation.
Our study also has several limitations. First, previous studies showed that potassium depletion exacerbates salt-induced elevation of BP. 29, 30 However, in this study we were unable to determine whether a low potassium diet contributes to salt sensitivity due to the similar diet customs of the subjects in our study. Secondly, we demonstrated that endothelial dysfunction is a feature of NSS subjects. However, whether it develops before, during or after SS is not known. Therefore, a prospective cohort study is still necessary to elucidate the causal relationship between saltsensitivity and endothelial dysfunction.
In conclusion, the present study shows that a defective FMD exists in NSS subjects compared with salt-resistant subjects. This indicates a certain degree of endothelial dysfunction in NSS subjects, which could result in more severe target organ injury and a higher mortality rate for cardiovascular disease.
